Abstract-We proposed a nanoplasmonic optical filtering technique based on complementary split-ring resonator structures. Interestingly, the proper plasmonic modes of the nanoring in the side-coupled arrangement can be selected and excited by the proposed structures. It is observed that the non-integer modes can be excited due to the presence of a metallic nano-wall as well as the integer modes. Furthermore, the numerical results indicate that the optical transmission spectrum of the investigated filter can be efficiently modified and tuned by manipulation either the position or the width of the employed nano-wall inside the metal-insulator-metal ring. The antinodes of the magnetic field of these modes, located on the symmetry plane of the proposed structures, can be manipulated by the position of the wall. Additionally, these modes, in particular the fundamental mode, are highly sensitive to the nano-wall dimensions. It indicates that the proposed nanofilter is a promising candidate as a tunable filter in nanophotonics applications.
I. INTRODUCTION
N OWADAYS, the bandwidth-limited electrical interconnects can no longer meet the increasing need for huge bandwidth and throughput capabilities in data center and high performance computing environments. To overtake the bottleneck in traffic exchange imposed by electrical wires, a clearly shaped roadmap is to bring optics into the spotlight and replacing electrical feedthrough with optical interconnects [1] . Since the limitation of the fundamental law of diffraction, the dimensions of photonic devices inevitably prevent the way towards high density integration for interfacing with electronics at the nanoscale. Plasmonics is a promising disruptive technology to fill the gap in size between photonic and electronic components. It also promises additional reductions in circuit size and increase in energy efficiency [2] - [4] . Plasmonics rely on the excitation of surface plasmon polaritons (SPPs) that are electromagnetic waves coupled to oscillations of free electrons in a metal and propagate along a metal-dielectric interface at near the speed of light [2] - [4] . The electromagnetic field intensity of SPPs reaches its maximum value at the metal surface and decays exponentially while moving away from the metal-dielectric interface [5] . Therefore, this strong intrinsic confinement is feasible even at sub-wavelength scale [6] , breaking the size barriers of diffraction-limited photonics and enabling the development of compact integrated nanophotonic circuits [7] . Plasmonic waveguides based on the principles of SPPs have motivated significant activities to explore their characteristics for high integration benefitting from their ability of confining and guiding optical field in sub-wavelength scale. Among various types of plasmonic waveguides, an easily amenable structure (both analytically and experimentally) offering good confinement and acceptable propagation length are metal-insulatormetal (MIM) waveguides [8] - [12] , where the mode is confined to the dielectric core in the form of a coupled gap-SPP between the two interfaces. Due to its unique characteristics including the strong confinement of optical field in nano-scale gaps, the high sensitivity of its transmission characteristics to the waveguide structures, and the facility of its fabrication, the MIM waveguide has attracted a great deal of effort in the fields of waveguide couplers [13] , [14] , sub-wavelength scale light confinement [15] , [16] , wavelength filters [17] , [18] , and integrated optical devices [19] , [20] . Recently, numerous studies have been taken out to investigate the plasmonic resonators such as the plasmonic stubs [21] - [23] , nano-capillary resonators [24] , side-coupled FabryPerot [25] , [26] , high-performance wavelength demultiplexer [27] , ultrafast all-optical switching [28] , tunable high-channelcount bandpass filters [29] , and slot cavities [30] - [34] . Ring resonator structure with circular or rectangular geometries is the mostly commonly used type of plasmonic resonators [35] - [40] . Recently, a nanoplasmonic optical filter based on a complementary square split-ring resonator (CSSRR) structure is proposed [41] . By including a metallic nano-wall, the non-integer modes can be excited besides the integer modes.
In this work, we investigate the optical filter structures in the form of the complementary circular split-ring resonator (CCSRR) side-coupled with a MIM bus waveguide. The CCSRR structure is formed by positioning a metallic nano-wall inside a MIM circular-ring, resulting in a widely studied complement structure known as split-ring resonators [42] - [46] . The resonance modes can be remarkably suppressed or excited by proper positioning of the wall. The influences of the nano-wall on the filtering characteristics are numerically investigated by the two dimensional finite-difference time-domain (FDTD) method with the perfectly matched layer (PML) boundary 0733-8724 © 2013 IEEE Fig. 1 . Schematic of the proposed 2D plasmonic filter based on the CCSRR structure including a metallic nano-wall placed in the position of (a)
, and (b) -.
conditions [47] . From the simulation results, we found that not only the specific resonance modes of the circular MIM nanoring, but also the interesting non-integer resonant modes can be excited by proper positioning of a metallic nano-wall. However, it is not possible to excite these non-integer modes in the regular ring. They are found to be highly sensitive to the nano-wall dimensions and simply can be manipulated by varying the width of the nano-wall. For the CSSRR structure [41] , in which the corners of the square ring can perturb the resonance modes and this perturbation effect need to be considered in the analysis. In contrast, for the CCSRR structure proposed here, it is not necessary to consider the perturbation effect of the corners existence without losing the excitation of the non-integer modes. The newly excited non-integer modes, which are not achievable by the regular ring, are found to be highly sensitive to the nano-wall dimensions. In contrast, the regular integer modes, in particular the high-order modes show less sensitivity to the variations of the nano-wall parameters. Hence, these non-integer modes of high sensitivity could be potentially used in designing high sensitive sensors, splitters, switches, and filters [3] , [9] , [11] , [17] . Furthermore, the excitation of non-integer modes in the proposed CCSRR structures may also provide an alternative way for designing tunable multi-channel filtering devices based on an analogue of electromagnetically induced transparency [29] .
II. MODELING AND SIMULATION METHOD Fig. 1 shows the schematic drawings of the proposed structure. The circular air ring is surrounded by the silver (Ag) region. This ring is excited by a MIM plasmonic bus-waveguide in the side-coupled arrangement as shown in Fig. 1(a) and (b) . The MIM circular ring is split by positioning a metallic nano-wall making the structure a complement to the metallic SRR. In this work, the nano-wall is placed at eight different positions, denoted by , and [ Fig. 1(a) and  (b) ]. The main structural parameters of the filter are the width of the MIM waveguide , gap size between the bus-waveguide and the ring , out diameter of the ring , and width of the nano-wall . Here the parameters are set to be 50 nm, 20 nm, and 400 nm, respectively. Only a single propagation mode exists in the structure since widths of the waveguides are generally much less than the incident wavelength. The propagation constant of the can be obtained by solving the following dispersion equation [12] : (1) where and are the dielectric constants of the insulator and the metal, respectively.
is the free space vector which equals to . The width of the MIM waveguides is set to be 50 nm to ensure that only the fundamental TM mode is supported. The insulator is assumed to be air , and the complex relative permittivity of silver is characterized by the well-known Drude model: (2) where is the dielectric constant at the infinite frequency, and is the angular frequency of incident light in vacuum. In the case of silver, we have eV, and eV [48] .
The 2D FDTD simulations are performed by using Lumerical FDTD Solution software with perfectly matched layer (PML) absorbing boundary conditions around all sides. In the following simulation, we specify the desired PML reflection as 0.0001, rather than specifying the PML thickness. The grid sizes inand -directions are chosen to be nm to ensure a good convergence of the numerical calculations. The temporal step is , where is the velocity of light in vacuum. Since the width of the bus waveguide is much smaller than the incident wavelength, only the fundamental TM mode is excited in the structure. The fundamental TM mode of the MIM plasmonic waveguide is generated at the left end of the bus-waveguide and injected along the -axis, and the output monitor is located at the right end of the bus-waveguide. When a plane wave with TM polarization is incident into the proposed structure, the transmitted power flows , which are integrated over the cross section of the waveguides, are recorded as a function of time at the output monitor. Finally, the recorded transmission powers are post-processed with Fourier transform in order to obtain the transmission spectra of the structure.
III. SIMULATION RESULTS AND DISCUSSIONS
To investigate the effect from the metal nano-wall placed in the MIM ring, we firstly calculated the transmission spectrum of the regular circular ring (Fig. 2(a) ) and spectrum of the proposed CCSRR filter with the nano-wall ( nm) placed at position (Fig. 2(b) ). The magnetic field distributions of the resonance modes are shown as insets in Fig. 2 . Here, the resonance modes of the regular circular ring are denoted as , and accordingly the resonance modes of the CCSRR filters are denoted as , where " " and " " stand for the type of the mode and the position of the nano-wall, respectively. As shown in Fig. 2(b) , there are extra resonances in the transmission spectrum of the CCSRR filter with the nano-wall placed at position as well as the regular modes of the circular ring. Actually, the proposed plasmonic CCSRR can be considered as a closed straight MIM cavity [26] which is bent, and its ends are separated by the wall. Based on this analogy the CCSRR can support both the integer modes (including even number of antinodes) and the non-integer modes (including odd number of antinodes). It can be found from the magnetic-field distributions of the resonance modes that the circular ring only supports the integer modes and . While for the CCSRR, not only the integer modes and but also the non-integer modes and are observed. The antinodes of the magnetic field of these resonance modes are located on the symmetry plane of the regular ring and the proposed CCSRR. By incorporating the metallic nano-wall, the magnetic fields on the sides of the wall can be arranged either with the same (integer modes) or opposite (non-integer modes) polarities. By comparing the resonance wavelengths and the field profiles of the integer and non-integer modes as shown in Fig. 2 , it is observed that the integer modes and are almost the same as their counterpart modes in the regular circular ring.
The transmission spectra and the mode profiles of the resonance modes with the nano-wall placed at positions and are shown in Fig. 2(c)-(f) . The spectrum clearly depends on the position of the wall. The resonance wavelengths of the excited integer and non-integer modes are almost independent on the positions of the nano-walls. However, the intensity of the resonances is remarkably affected. For instance, the maximum intensity of modes is observed when the nano-wall is placed at position . By comparing the mode profiles of the resonance modes, the insets as shown in Fig. 2 , it is observed that the antinodes of the field patterns can be manipulated by the position of the wall. The antinodes of the field profile of the resonance modes locate on the symmetry plane of the CCSRR. This interesting feature of incorporating the metallic nano-wall can be understood by the fact that the efficient extraction of optical power from a resonator occurs when the extracting waveguide is at the position of antinodes of the magnetic fields for the MIM configuration.
According to the above discussion, we can manipulate the excited classes and thereby modify the transmission spectrum of the filter by placing a metallic nano-wall on the symmetry planes of the circular ring. To investigate the influence of the positions of the nano-wall on the response of the filter, eight proper positions for the wall are considered as shown in Fig. 1(a) and (b). However, due to the symmetrical plane of the proposed structures along the axis, the transmission spectra of CCSRR with the nano-walls symmetrically placed about the axis are similar, for instance, the spectra with wall placed at and as shown in Fig. 3(a) . Although the resonance wavelengths of the modes are similar, the magnetic field distribution is different with the antinodes of the field profile located on the symmetry plane of the CCSRR. A similar phenomenon is also observed between and , and between and as shown in Figs. (b) and (c), respectively.
As discussed above, the transmission spectra of the proposed CCSRR filters are drastically affected by the positions of the nano-wall. The width of the nano-wall is also expected to remarkably influence the resonance wavelengths of the filters. The dependence of the resonance wavelengths of the integer and non-integer modes on the width of the wall, at positionis shown in Fig. 4(a) -(e). Along with the width of the nano-wall varies from 20 to 245 nm, it can be observed that the variation of the resonance wavelength of the , and modes are 238 nm, 210 nm, 110 nm and 114 nm, respectively. The variations in the resonance wavelengths of the -( -), ( -), and ( -) modes with the width varies from 20 to 245 nm are summarized in Table I . Generally, the resonance wavelengths of the considered modes decrease by increasing the width . Since the equivalent inductance for the wider wall is smaller, a large inductive behavior of a narrow metallic wall may result in a large change in the resonant wavelengths. Additionally, the results show that the sensitivity of the resonance wavelengths of both the integer and the non-integer modes to the variation of the wall width decreases when the mode number increases. By comparing with the variation of the integer and the non-integer modes, the resonant modes of the CCSRR with nano-wall at position are highly sensitive to the variation of the nano-wall width.
IV. CONCLUSION
In summary, a 2-D plasmonic nanofilter based on the CCSRR structure is proposed and validated computationally. The numerical simulation results demonstrate the mode-selectivity and the filtering tunability of the proposed structures. The non-integer modes, which are not achievable for regular circular ring, are excited by having a metallic nano-wall within the MIM nano-ring structure. By manipulating the width of the nanowall, the fundamental mode is observed to be modified significantly. The resonance wavelength shift of about 630 nm is achieved for the fundamental mode of the CCSRR filters upon a gradual variation of the width of the wall from 20 to 245 nm. Our findings show that our proposed CCSRR structures offers great flexibility for the design of tunable and ultra-compact optical components in integrated optical circuits and for nanophotonics applications.
